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EFFECTS OF MODERATELY HIGH STRAIN RATES C

TENSILE PROPERTIES OF METALS

D, P. Moon and J. E. Campball®

INTRODUCTiON

Sincz the release of DMIC Memorandum 4 on “Effects of H1gh Strain
Rates and Rapid Heating on the Tensilé Propértiés cf Titanium Allc,s", a
number of inquirieés have been received by DMIC on the effects of h1gh strain
rates on other metals and alloys. Because of the general 1ntere5t, thig
memorandum has been preparéed to show typlcal 2fécts of increasing the
strain rate to nearly 100 inches per inch pér minuté at Toom and ~lavited
temperatures on the ténsile properties of a numbér of commercial alloys.
More compléte information on specific effects of moderately high strais
rates on these and 6thér alloys can be obtained by référring to reports
listed in thé Bibliography.

Many investigators have reported on plastic wave phenomena during.
axcéedingly rapid straining. The loading faiés Tequirzd td produce theseé
phenomena fall into the range of 1mp°ﬁt tests and are beyond the attempteéd
scope of this memorandum. Thé works &f D. S, Clark##{12-16,20-22) and
others are suggested as sources of information on tensilé impact propertlesf

The discussion and data presented in this memdrandum also Supple=
ment DMIC Report 130 on "Selectéd Short-Time Tensile and-Creép Data Obtained
Under Conditions of Rapid Heating".

EFFECTS OF MODERATELY HIGH STRAIN RATES
ON_TENSILE PROPERTIES

Increasing the rate of straining during tencile testing is
synonymous with increasing the rate of load application. The straining rate
and loading rate are prepcrtional up to the elastic limit of the test
material. In actual service, it is the rapid aprlication 6f loads that
causes rapld straining. The primary reason for referring to constant strain
rates is that, with screw~driven testing machines, relatively constant strain

ratés are réadily obtained with a constant-spéed drive méchanism.

In order to show the efféects of increasing strain rates, typical
tensile-test data are plottéd according to stress versus strain rate for
tests at room temperature and at elevated temperatures. Plots of typical
data for a number of commercial alloys discussed in later Séctions of this
memorandum illustrate the following general trends resulting from increasing
the strain rateé:

¥Matals Evaluation Division, Battelle Memorial Institute.
##Numbers in parentheses refer to references in the Bibliography.
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When testing at room temperature, the yield and

ultimate tensile Strengths of a given alloy either
are not affected or are incie2séd slightly as the
strain rate is increased,

When testing at slightly elevated temperatures,

the effect of increasing the strain raté is genérally
similar to that at room temperature, if the alloy has
neglegible tendency to creep at stresses lower than
the yield strength and remains in a stable conditior.
However, the yield and ultimete strengths are usually
lower, dependent on the temperature. Under these
conditions, the iength of time at which the sSpecimen
is maintained at the testing temperature beforé it

is loaded has little effect on its strength.

When tésting at high températures, increasing ths
strain rate causes substantial increasés in the yield
and ultimaté strengths, if thé alloy ténds to creep
at str3sses lower than the yield strength. As the
tésting temperaturé i$ increaséed, the yiéld and
ultimata strengths of a given alloy tend to coincide.

Thé elastic modulus of 2 given alloy at a given
testing temperature is relatively constant regardless
cf strain rate.

Effects of strain rate on ductility are not consistent.

Reactions which changeé the structure of the alloy
will afféct the propertiés of thé alloy when it is
heated to a temperature at which the reaction can
proceéed. These reactions may be precipitation
hardening, strain aging, overaginy, tempering, re-
crystallization, and grain growth, or other reactions
or combinations of them.

In order to determine how these factors affect the properties of
current enginéering alloys, a number of tpstzng programs have been initiated.
Results of some of these rrograms are shown in the following Sections. Most

of this work has been done on sheet specimens with test Sections 1/2 inch
wide and 2 incheés long.

For the data presented in the tables, the specimens that were
heated to témpérature in 10 or 20 seconds weré heated by self-resistance,
that is, by passing a controlled electric current through thé specinen being
tested. In most instances where data for sevefal holding times were avail=
able, only data for the shortést holding time (10 secords} are reported for
the rapidly heated specimens. The specimens that were heated to temperatu-e
over a period of 15 or 30 minutes weré heated by radiation. All sirain
rates were converted to in./in./min for uniformity in presentaticn.
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Aluminum Alloys

Results of tensile tests on three sheet aluminum alloys at strain
ratés of about 0.003 in./in./min. to 60 in./in./min. and frém room témperature
to 600 ¥ are shown in Figures 1 to 3. It will be noted that the yield and
ultimate strengths at room temperature for the 2014-T6 alloy in Figure ' were
only slightly affected by wide variations in strain rate. For tests made at
thé standard rate of 0.003 in./in. /min, increasing the testing temperature tc
40y F resulied in decreaging yzeld and ultimate strengths to about 12,000 psi.
#hen testéd at 2 strain rate of about 60 in./in. /h1n, howevér, the yield
strength was 30,0006 psi at 600 F. Thus a substantial gain in strength was
obtainéd at 600 F under conditions of rapid straining. The curves in Figuie
1 alée zhe tendency for the yield and ultimete strengths to occur at
nearly the same stress levels under conditions representative of relatively
nigh~temperature behavior for the alloy.

The lensilé data for 2024-T3 aluminum alloy in Figure 2 show the
efféct of precipitation hardening at 450 F during test1ng. The yield strength
at 430 F was highér at a strain rate cf 0.003 in./in./min than it was at the
higher strain fates. At the low strain rate, there was sufficient time during
testing for precipitation hardening to occur béforé the yield strangth was
reached. BeCause of the Shorter time required for testing at the higher S&train
rates, t.e precipitation-hardening effect on the yiéld strength was léss
prominent. At 600 F the specimens had overaged; however, in these Specimens,
considerably highér strengths were obtained at the higher strain rates.

The éffect of increased str-in rates for 7075<T6 sheet aluminum
alloy is shown in Figure 3. The same crénds are noted for this alloy as for
2014~T6 (Figure 1).

Beryllium

Because of its excellent heat-sin. characteristics, its relatively
light weight, and its high modulus, beryllium has been considered for cuzisin
applizations which must withstand aerodynamic heating. Such components are
often subjected to rapid straining and rapid heating. Preliminary data as
reported by Preston and Kattus(57) on the effect of rapid straining of beryllium
bar at room and elevaied temperatures are presented in Figure 4.

The room-temperature tensile strength at the fastest Strain rate
(20 in./in./min) is relatively iow, probably because of the brittleness of the
material. At this strain rate, the room-temperature strength is sbout the
same as the strength at 1500 F. At 1000 and 1500 F the specimens had 4.5 and
3.0 per cent elongation, respectively, at the highesi strain rate. The proper-
ties of beryllium appear to be more attractive at elevated témperatures “har. at
room temperature,

BATTELLE MEMORIAL INSTITUTE




Reference: Kattus ,etal. (34)
Heating Time, i0 sec
Holding Time,; 10 sec

@—=@ Tensile strergth
O——0 Yieid Strength

|

10°!

' 10'

Stroin Rate, in./in./min

FIGURE 1. ALCLAD 2014-T6 ALUMINUM ALLOY SHEET,
TRANSVERSE SPECIMENS, 0.064-INCH THICK
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Reference: Kattus, etal. (34)
Heating time, 10 sec
Holding time, I0 sec
@——@ Tensile strength
Q- —0O Yield strength

|

0! ] 10 102
Strain Rate, in./in./min

FIGURE 2. ALCLAD 2024~T3 ALUMINUM ALLOY SHEET,
TRANSVERSE SPECIMENS, ".C84-INCH THICK
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Reference: Kattus, etal.(34)
Heating time, 10 sec
Holding time, IO sec
@———=@ Tensile strength
O— =0 Yield strength

|

0! l ) 102
Strain Rate, in./in./min

FIGURE 3, ALCLAD 7075-T6é ALUMINUM ALLOY SHEET,
TRANSVERSE SPECIMENS, (0.064-INCH THICK
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Reference: Preston and Kattus (57)
Heating time, 20 sec
Holding time, 10 sec
@—® Tensile strength
| O—O Yield strength __

n-l

Strain Rate, in./in./min

FIGURE 4., UNALLOYED BERYLLIUM BAR TESTED IN ARGON
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Low Alloy Steel

Results of tensile tests over a wide range of strain rates are
shown for normalized AISI 4130 steel sheet in Figure 5 and for quenched-
and-tempered 4130 steel sheet in Figure 6. The general trends for effects
of increasing the strain raté al room and elevated temperatures, as discussed
previously, are valid for this and similar steels.

However, when the testing temperature exceeds the tempering temper-
atur~, the strength will be decreased as a result of the tempering effect.
T ¢ reaction is dependent both on temperature and on time, but for this
steel, varying the holding times from 10 to 1,800 Sseconds had little effect
on the sirengths at each of the strain rates. Therefore, the tempéring
effect m+ - -rur within the shortest holding time (10 seconds). Furthermore,
for the 4.3C steel, the increasée ir. strength with incréased strain rates at
1200 F is primarily an efféct of the strain rate, per se. When ine tempéring
effect occure at a slower rate than in the 4130 steel, rapid heating and
straining could occur before the material becomes stabilized (when the maximum
temperature is above the tempering temperaturé). 1In this case, higher $trengths
would be obtained.

Hot-Work Dié Steels

S

Because of the high strengths that can be achieved, hot work die
steels are being considéred for a number of highly stressed airborne com=
ponents. These steels also retain considerable strength at elévated temper-
atures. The data plotted in Figures 7 and 8 are for two of the hot-work die
steels tempered at 950 F. It will be noted that yield stréngths of about
150,000 psi were obtained at 1200 F at strain rates of about 30 in./in./min
wzth holding times of 10 seconds. Holding times of 30 minutes at 1200 F
resulted in considerably lower strengths than with the short holding timés,
App..:ntly, the tempering reaction for these steels requirés considerable
time at 1200 F. fere, if strvice temperatures exceed the tempering
temperature but are attained rapidly and if the component is loaded rapidly,
it will withstand considerably higher stresses for a short period of time
than would be possible with ionger heating times.
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Austenitic and Heat=Treatable Stainléss Steels

Results of tensile tests over a wide range of strain rates for
representative stainless steels are shown in Figures 9 to 13. The nlotted
data in Figure 9 show that annealed Type 301 stainless steel is not strain-
rate sensitive until a testing témperature of about 15(d F is reached, At
this temperature, the uvltimaté strength i$§ increased as the strain rate is
increased, although the yield strength is not affected by tue strain rate.

The curves ir Figure 10 are for full-hard Type 301 stainless steel.
Data for tne full-hard alloy were not obtained at the same temperaturés as
for the annealed alloy, but a comparison of the data in Figures 9 and 10 will
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Stress, 1000 psi

Reference : Kc:tus, et al. (34)
20t ~—————————1— Hedting time, 10 sec S
Holding time, 10 sec
@—@ Tensile strength
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FIGURE 5. NORMALIZED AISI 4130 ALLOY STEEL SHEET,
LONGITUDINAL SPECIMENS, 0.040-INCH THICK
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Straess, 1000 psi

R e

Reference: Kattus etal.(34)
Heating time; 10 sec

Holding time; 10 sec
@——@ Tensile strength
O= = =0 Yield strength

0! i 10 102

Strain Rate, in./in./min A-39951

FIGURE 6. HARDENED AISI 4130 STEEL SHEET, LONGITUDINAL
SPECIMEnS, 0.040-INCH THICK
(Austenitized 1570 F, oil gquenched, tempered
at 1000 F)
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FIGURE 7. HEAT-TREATED THERMOLD J DIE STEEL SHEET,

LONGITUDINAL SPEC’MENS, 0.050-~INCH THICK
(Austenitized 1850 F 15 msn, 0il quénched,
double tempered 950 F 2 hr)
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Reference: ABMA(59)
- Heating time, 10 sec
: Holding time, 10 sec
120 |- @ ®Tensile strength o
O= = =0 Yield strength
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FIGURE 9. ANNEALED TYPE 301 STAINLESS STEEL SHEET,
LONGITUDINAL SPECIMENS
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Reference: Katius, et al. (34)
Heating time, iO sec
i{olding time, 10 sec
@——@ Tensile strength
O-—=O Yield strength I P S

80}~

40

Strain Rote,in/in./min A-39958

FIGURE 10. FULL-HARD TYPE 301 STAINLESS STEEL SHEET,
LONGITUDINAL SPECIMENS, 35.040<INCH THICK
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Stress, 1000 psi

Reference: Kattus, etal. (34)
Heoting time, IO sec :

Holding time,lO sec
@——@ Tensile strength
O——0 Yield strength

1o 1 1o

Strain Rate , in./in./min A-39938

FIGURE 11. ‘*NNEALED AND DULL COLD-ROLLED TYPE 321

STAINLESS STEEL SHEET, LONGITUDINAL
SPECIMENS, 0.040-INCH THICK
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Stress, 1000 psi
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FIGURE

Strain Rate, in./in./min

12,

HARDENED 17-7 PH STA:NLESS STEEL SHEET,

TRANSVERSE SPECIMENS, 0.040~INCH THICK
(1400 F 90 min, air cooled to RT and water
quenched to 60 F, 1050 F 90 min, air cooled)
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FIGURE 13. HARDENED AM-350 STAINLESS STEEL SHEET,
LONGITUDINAL SPECIMENS, 0.040-INCH THICK
(172> F 30 min, water quenched, -100 F
3 hr, 850 F 3 hr)
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show the marked increase in strength to 1200 F resulting from cold worKing.
Strengths of the fuli-hard alloy tended to increase as the strain rate in-
creased. At 1200 F, the strengths were about the samé for speciméns teSted
at the slewest strain rate after holding at temperature for 10 seconds and
30 minutes. Tests at the fastest strain rate, however, resuited in lower
strengths for the specimens heid 30 minutes at temperature. Apparently this
is characteristic of the material. On heating to 1600 F, recrystallization
and grain growth occur, rausing considerably lower strengths. This reaction
apparently occurs during heating and within the 10-second holding tim.:, be-
cause corresponding specimene that were held at temperature for 3C minutes
ad about the same strengths.

The data plotted in Figure 11 show the effect of increasing strain
rates on the strength of annealed and dull rolled Type 321 stainless steel
she:* 1thin the range of temperatures employed, tésts at room témperature
showed the greatest increase in strength with increasing strain rates.
Because of thé thermal stability of this alloy, longér holdI:y times at the
elevated temperatures had no effect on the tensile properties.

Effectc of ifcreasing the §train raté when testing specimens of
17-7 PH stainless steel in the TH1050 condition are shown in Figure 12.
Increase in Stréength with increase in thé strain rate was noted for all
temperatures except 400 F. The marked reduction in strength from the 800
to the 1200 F testing temperature is the result of the overtempering of
these specimens at 1200 F.

Data for tensile tests on AM=350 stainléss steél sheet arée plotted
in Figure 13 for three strain rates. With increased strain rates there was
an increase in the room-temperature strength, a decrease in the 800 F strength,
and an increase in the 1200 F stréngth. This cteel was overaged at the 1200 F
testing temperature.

Superalloys

The effects of incréased strain rates on the yield strength of
N-155 alloy sheet are shown in Figuré 14. The effects of increased strain
rates from room temperature to 1600 F are only nominal. At 1800 and 2000 F,
th - yield strengths tend to increase with increased strain rates. Theseé
°“°°1mens were held at temperature for 15 minutes before testing.

Values for tensile strength at increased strain rates fer Units emp
1753 bar in the solution-treated condition are shown in Figure 15. The
marked decrease in strength at testing temperatures above 1450 F is noted in
the figure. However, at testing temperatures of 1450, 1600, and 1750 F, *he
strengths were substantially increased by increasiny the strain rate. At
temperatures near the solut*on-treat1ng temperature, increasing the strain
rale had less effect on the strength. These specimens were heated to =emper-
ature over a 30-minute period and held :t temperature Zor 30 minutes pefore
testing.

BATTELLE MEMORIAL INSTITUTE
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Reference: Bernett (7)
Heating rate, 200 F/sec .
8o |—Holding time, 15 min S N :
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FIGURE 14, N-155 ALLOY SHEET MILL ANNEALED, LONGITUDINAL
SPECIMENS, 0.063-INCH THICK
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Tensile Strength, 1000 psi
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160 | ® 1450 F —
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Strain Rate, in./in./min A- 39980

FIGURE 15. UNITEMP 1753 BAR SOLUTION TREATED
(2150 F 4 hr, air cocled)
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Increasing the strain rate had little effect on thé tensile
properties of age hardened Inconel X sheet to 1200 F as shown in Figure 16.
The tests made at 400 F showed a slight increase in strength with increased
strain rates. However, this alloy is relatively stable to 1200 F. the
tensile strength at 1600 F increased substantially with increased strain
rates.

For Haynes Alloy 25 sheet, Figure 17, the effect of strain rate
was most pronounced at room temperature and at 1600 F and above. In the
roor-temperature tests, the yield strength increased and the ultimate
s rength decreased at the highest strain rate. Increased holding times at
testing temperature had little effect on the tensile propertiés because of
the stability of this alloy.

Titanium Alloys

o ~ The effects of increasing the strain rate on the ténsile propeérties
of 5A1-2,5Sn titanium alloy in the annealed condition are shown in Figure 13,
For this alloy, the yield and tensile strengths tend to increase as the strain
rate is increased (éxcept the tensile strength of the specimans tésted at
400 F at the highest strain rate). This is a stablé alpha alloy, and longer
holding times had little effect on the properties.

Tensile properties of heat-treated 6Al-4V titanium alloy over a
range of strain rates are shown in Figure 19, For this alloy, the strength
tended to increase as the strain rate was increased over part or all of theé
strain-rate range. This alloy is relatively stable to the aging temperature.

Figure 20 illustrates the properties of annealed Ti~-8Mn (alpha-beta)
alloy sheet at increasing strain rates. It will be notéd that the tensile
properties were considerably lower at 1000 F than at 600 F. However, at
i000 F, increasing the strain rate resulted in a substantial increase in the
tensile properties.

Data on the effect of increased strain rates on the beta titawium
alloy, Ti-13V-11Cr-3Al, were available for the alloy in the annealed condition.
These data are plotted in Figuré 21. At room temperature, the strengths in-
crease as the strain rate is ircreased. At 500 and 800 F the trend is reversed.
The large decreasé in tensile properties at normal testing speeds when if-
creasing the testing temperature from 800 to 1200 F is shown in the figure.
When the strain rates are increased for specimens tested in the range from
1200 to 1600 F, the tensile properties are increased substantially.

The marked increase in strength for testing temperatures from room
temperature to 1200 F for the aged alloy, as compared to the annealed alloy,
is also shown in Figure 21 for a strain rate of about 0.6 in./in./min. Daua
for other strain rates were not given. However, it appears that there would
be little effect of strain rate on the strength to the aging temperature
(900 F). It is expected that tests at 1200 F would show increased strengths
with increasing strain rates. There is a marked drop in strength of the aged
alloy when increasing the testing temperature from 1200 F to 1275 F, At
1500 F, the annealed and aged alloys have about the same strengths,

BATTELLE MEMORIAL INSTITUTE
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200 — — — - — —=
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160k 400€
800 F
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o 1200F
o . 400F
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1. — ——— =l
sol—@===T" | . _ Reference: Kattus,et al. (34) _— |
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Strain Rote, in./in./min A-39961
FIGURE 16. AGE-HARDENED INCONEL X SHEET, LONGITUDIMAL %
SPECIMENS, 0.040-INCH THICK 3‘
{Sclution annealed then aged at 1300 F :
20 hr, air cooled)
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Stress, {000 psi
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- Reference: Kattus, et dl.(34) —
Heating time, 10 sec
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Strain Rate, in./in./ min A-39962

FIGURE 17. ANNEALED HAYNES ALLOY 25 (L-605) SHEET,
TRANSVERSE SPECIMENS, 0.040-INCH THICK
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FIGURE 18. ANNEALED Ti-5A1-2.5Sn ALLOY SHEET,
LONGITUDINAL SPECIMEN3, $.040-INCH THICK
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FIGURE 19. AGE-HARDENED Ti-6A1-4V ALLOY SHEET, LONGITUDINAL
SPECIMENS, 0.040-INCH THICK
(1750 F 10 min, wateér quenched, aged 100C F
2 hr, air cooled)
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FIGJRE 20. ANNEALED Ti-8Mn ALLOY SHEET, LONGITUDINAL
SPECIMENS, 0.040-INCH THICK
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Reference: ABMA (59)
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FIGURE 21. ANNEALED AND AGED 13V-11Cr-3A1 TITANIUM
ALLOY SHEET
(Aging Treatment: 900 F 50 hr)
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